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Background--Transient receptor potential C3 (TRPC3) has been demonstrated to be involved in the regulation of vascular tone through endothelial cell (EC) hyperpolarization and endothelium-dependent hyperpolarization-mediated vasodilation. However, the mechanism by which TRPC3 regulates these processes remains unresolved. We tested the hypothesis that endothelial receptor stimulation triggers rapid TRPC3 trafficking to the plasma membrane, where it provides the source of Ca 2+ influx for small conductance calcium-activated K + (SK Ca ) channel activation and sustained EC hyperpolarization.
Methods and Results--Pressurized artery studies were performed with isolated mouse posterior cerebral artery. Treatment with a selective TRPC3 blocker (Pyr3) produced significant attenuation of endothelium-dependent hyperpolarization-mediated vasodilation and endothelial Ca 2+ response (EC-specific Ca 2+ biosensor) to intraluminal ATP. Pyr3 treatment also resulted in a reduced ATP-stimulated global Ca 2+ and Ca 2+ influx in primary cultures of cerebral endothelial cells. Patch-clamp studies with freshly isolated cerebral ECs demonstrated 2 components of EC hyperpolarization and K + current activation in response to ATP. The early phase was dependent on intermediate conductance calcium-activated K + channel activation, whereas the later sustained phase relied on SK Ca channel activation. The SK Ca channel-dependent phase was completely blocked with TRPC3 channel inhibition or in ECs of TRPC3 knockout mice and correlated with increased trafficking of TRPC3 (but not SK Ca channel) to the plasma membrane.
T ransient receptor potential (TRP) nonselective cation channels are widely expressed in different tissues and contribute to cytosolic Ca 2+ signaling in response to mechanical, thermal, and chemical stimulation. 1, 2 Several members of the TRP channel family expressed in vascular endothelium play an important role in arterial tone and blood flow regulation. [3] [4] [5] [6] One important mechanism of such regulation involves small and intermediate conductance calciumactivated K + (SK Ca and IK Ca , respectively) channels, which may be activated by Ca 2+ influx through TRP channels at the endothelial plasma membrane (PM). [6] [7] [8] [9] Endothelial SK Ca and IK Ca channels play a pivotal role in regulating arterial tone by hyperpolarizing endothelial cells (ECs) in response to increased cytosolic Ca 2+ . This hyperpolarization is then transferred to surrounding smooth muscle cells via intercellular gap-junctions, thus providing smooth muscle cell relaxation. This described process of vasodilation is referred to as endothelium-dependent hyperpolarization (EDH). [10] [11] [12] [13] [14] Pharmacological activators or blockers of SK Ca and IK Ca channels can affect resting or active tone in isolated arteries, 10, 11, 13, 15 as well as in situ blood flow. 13, 16, 17 TRPC3, a member of the "canonical" subfamily of TRP channels, has been implicated in endothelium-mediated regulation of arterial tone; however, its regulation and exact role in the EDH-mediated dilations are not well understood. The mode of channel activation by intracellular lipid messengers such as diacylglycerol suggests a functional link between TRPC3 and the G protein-coupled receptor/phospholipase C (PLC) signaling cascade, activated by hormones and paracrine factors. 18, 19 Two recent studies have suggested that endothelial TRPC3 contributes to the vasorelaxation response to luminal flow and bradykinin. 20, 21 In addition, we recently presented evidence for a significant role of TRPC3 in EDHmediated dilation through SK/IK Ca channel-mediated EC hyperpolarization in mesenteric artery. 8 This latter study provided the first evidence linking TRPC3 channel activation and SK/IK Ca channel activation in vascular endothelium.
In the present study, we sought to determine the temporal role of TRPC3 in the regulation of SK Ca and IK Ca channels in vascular endothelium of cerebral artery. From our findings, we now propose a new model in which TRPC3 channels dynamically regulate SK Ca channel activation through receptor-dependent trafficking of TRPC3 to the PM (see Figure 12, later) . This regulation of TRPC3 thus contributes to a complex time course of K + channel activation comprising the overall mechanism of EC hyperpolarization, and thus EDH-mediated vasodilation.
Methods

Animal Models
All animal experiments were performed in accordance with Baylor College of Medicine Institutional Animal Care and Use Committee guidelines (September 1, 2011, revision). Generation of TRPC3 knockout (KO) mice has been described previously. 22 Cx40 BAC -GCaMP2 transgenic mice, expressing calcium biosensor GCaMP2 selectively in ECs, 23 were obtained from the Cornell Center for Technology Enterprise and Commercialization. P2Y 2 KO mice 24 were obtained through Jackson Laboratory (stock 009132). All experiments were performed with male mice.
Pressurized Artery Studies
The posterior cerebral artery (PCA) was dissected from the brain and placed in a perfusion chamber (ChuelTech). The artery was cannulated with 2 micropipettes and secured with ties consisting of individual strands of a polyester thread. Warmed (37°C) and gassed (21% O 2 -5% CO 2 , balance N 2 ) Krebs buffer was used for abluminal and luminal perfusion of the artery. Luminal flow (30 to 50 lL/min) was established by setting the luminal inflow and outflow reservoirs at a slight height differential. Arteries were monitored for changes in diameter by using video-microscopy. L-NAME (10 lmol/L) and indomethacin (10 lmol/L) were administered to inhibit nitric oxide synthase and cyclooxygenase, respectively. In these conditions, arteries developed spontaneous myogenic tone. In all experiments, ATP (and, in some instances, A23187 at 10 lmol/L) were administered through the lumen of the artery via a miniature remotely operated manifold system to achieve rapid delivery of agents despite very low flow rates. Vasodilation evoked by ATP was calculated as a difference in peak vessel diameter (time averaged over 50 seconds) before and after ATP and normalized to maximal artery diameter (in Ca 2+ -free, 3 mmol/L EGTA solution).
EC Ca 2+ Measurement in Pressurized Artery
For endothelial Ca 2+ measurement within pressurized arteries, the PCA from Cx40 BAC -GCaMP2 mice was prepared as described earlier. Ca 2+ measurements were performed in the presence of L-NAME and indomethacin at 10 lmol/L each. The vessel chamber was placed on the stage of an inverted TE200 fluorescence microscope equipped with a Nikon Super Fluor 10X objective (Nikon Instruments). Photometric measurement of endothelial Ca 2+ was performed with a customized UV/photometry system (C&L Instruments), which we have previously used for fura-2-based measurements. 3, [25] [26] [27] [28] [29] The UV excitation passed through a heat filter, variable aperture, and band pass excitation filter (475/20; Chroma Technology) before being directed into the microscope via a liquid light guide. The emission signal was transmitted through a dichroic mirror and then a second liquid light guide to the photometer equipped with an emission band pass filter (520/40; Chroma Technology). UV lamp output was attenuated approximately 50% to reduce cell damage. Sampling was performed at 20 Hz, and a 5-second running average transform was applied for final analysis (SigmaPlot). Ca 2+ signal in ECs was detected as an increase in GCaMP2 fluorescence in response to intraluminal application of ATP. The signal was then normalized to the "maximal" Ca 2+ response to ionophore A23187 (10 lmol/L). Specificity of the GCaMP2 signal to the endothelium was confirmed by endothelial denudation by air. 30 Removal of the endothelium resulted in complete absence of fluorescence change to ATP and A23187. Possible artifact due to artery dilation and constriction was additionally ruled out by using PCA isolated from Tie2-GFP mice (Ca 2+ -insensitive EC-specific GFP expression) that were run through the same diameter range.
Mouse PCA TRPC3 Immunofluorescence Staining PCA were removed from both Cx40 BAC -GCaMP2::TRPC3 WT and Cx40 BAC -GCaMP2::TRPC3 KO mice and mounted in a pressurized vessel chamber dedicated for fixation studies (see Figure 10A , later). Additionally, cerebral arteries were removed from WT (C57BL/6) mice and treated as just described (see Figure 10C and 10D, later 35-mm culture dishes were coated with BD Matrigel and diluted 1:1 with DMEM containing glucose and L-glutamine (Gibco) for 1 to 2 hours at room temperature. Cerebral arteries were carefully excised from brain surface, cleaned of meningeal membranes, washed in Hank's buffer, minced into 2-mm pieces, and transferred to Matrigel-coated dishes containing DMEM supplemented with 10% FBS (Gibco), 100 lg/mL endothelial cell growth supplement (BD Biosciences), 10 U/mL heparin (Sigma), 100 U/mL penicillin/ streptomycin (Invitrogen), and 2% minimal essential amino acid mixture (Sigma). Vessel pieces attached to the gel surface and were grown for 4 to 12 weeks (37°C and 5% CO 2 ) to allow ECs to proliferate and spread throughout the Matrigel. Purity of the resulting cells was confirmed in preliminary experiments by using Tie2-GFP transgenic mice. For experiments, ECs were harvested from the gel matrix by using 1-hour incubation with neutral protease (4 mg/mL; Worthington Biochemical) in PBS, washed twice with DMEM, and plated onto Petri dishes or 12-mm glass cover-slips coated with fibronectin (BD Biosciences) 50 lg/mL for 2 hours.
Freshly dispersed ECs used in electrophysiological experiments were obtained from the PCA and MCA through enzymatic dissociation (70 minutes at 37°C) by using neutral protease (4 U/mL) and elastase (1 U/mL) in the following digestion buffer (in mmol/L): 138 NaCl, 5 KCl, 1. Although TRPC3 has been shown to be involved in endothelium-mediated vasodilation/vasorelaxation in peripheral arteries, 8, 20, 21 a role for this channel in vasodilation has never been reported for cerebral arteries. Thus, to determine the role of TRPC3 in endothelium-mediated vasodilation of cerebral artery, we performed experiments in pressurized PCA treated with either vehicle or Pyr3 (1 lmol/L), a blocker of TRPC3. ATP (10 and 100 lmol/L) was delivered through the lumen of the arteries to promote endothelium-dependent dilation through P2Y receptor activation. Arteries were treated with L-NAME and indomethacin to isolate the EDH-mediated component of vasodilation. 34 Spontaneous myogenic tone was similar for control and Pyr3-treated arteries. Application of Pyr3 produced 25AE6% tone compared with 21AE3% in control arteries (P=0.53); maximum diameters for each group were 190AE2 (control) and 188AE3 lm (Pyr3-treated). Figure 1A shows representative PCA diameter measurements in response to cumulative ATP delivery. Note that ATP (100 lmol/L) produced sustained and near-maximal dilations in control arteries, whereas it produced oscillatory and submaximal dilations in Pyr3-treated arteries. The dilation responses are summarized in Figure 1B as a percentage of maximal diameter (Ca 2+ -free conditions). Note that EDHmediated dilation was significantly attenuated in Pyr3-treated arteries (P=0.024; 2-way repeated-measures ANOVA).
Once a role for TRPC3 in EDH-mediated dilation was demonstrated in the cerebral circulation, we next sought to determine the specific role of this channel in EC Ca 2+ regulation and subsequent EC hyperpolarization. We hypothesized that TRPC3 provides the source of Ca 2+ influx necessary to sustain EC hyperpolarization after receptor stimulation. To evaluate this possibility, we measured ATPmediated changes in endothelial Ca 2+ in intact pressurized
PCA from mice expressing a fluorescent Ca 2+ biosensor selectively in the endothelium (Cx40 BAC -GCaMP2). 23, 35, 36 Because the present study reflects the first reported application of this method in cerebral arteries, we performed a series of validation experiments. In one study, we removed the endothelium with a bolus of air to determine the cellspecificity of the fluorescent response and rule out possible fluorescence artifact from ATP and A23187. Note that the change in fluorescence to ATP was abolished after endothelial denudation ( Figure 2A , bottom trace). Similarly, there was no change in fluorescence to A23187 (not shown). In a separate study, we additionally confirmed that fluorescence change was not due to change in artery diameter. In this separate experiment, we exposed an endothelial GFP-expressing artery (Tie2-GFP), in which the fluorescent signal is not Ca 2+ dependent, to the full range of artery diameters by changing intraluminal pressure. There was no diameter-dependent effect on fluorescence in these studies (not shown).
Once validated, we used the GCaMP2 biosensor method to determine the EC Ca 2+ response to luminal ATP in control and Pyr3-treated PCA. As shown in Figure 2A , ATP produced an increase in endothelial Ca 2+ within intact pressurized arteries.
The maximal response was approximately 20% of the full response elicited by luminal A23187 (10 lmol/L). In the presence of Pyr3, however, the Ca 2+ response to ATP was significantly attenuated. The summary of ATP responses (normalized to the A23187 response) is shown in Figure 2B and demonstrates significant attenuation after TRPC3 inhibition (P=0.027, t test comparison of area under the curve). 
2+ influx in ECs, as detected by quenching of fura-2 fluorescence at 360 nm (F360). Summary data are shown as normalized fluorescence changes per cell (n=33 and 3 in control and Pyr3-treated ECs, respectively). Inset graph shows the summary of fluorescence changes as the first derivative (dF/dt). The arrow indicates the point of ATP application. Note that the rapid initial drop in F360 is due to partial overlap with the prominent F380 signal that decreases on ATP-stimulated Ca 2+ increase. The lower subpanel shows average Mn 2+ -independent changes in F360 (n=25), recorded in Mn 2+ -free bath saline. KO indicates knockout; PLC, phospholipase C; TRPC3, transient receptor potential C3; WT, wild type.
confirming a significant role for Ca 2+ influx in the ATP-stimulated response ( Figure 3B) . Further, the TRPC3 Figure 4A ). The reversal potential in resting conditions ranged from À20 to 0 mV, which correlated well with membrane voltage measured from unstimulated cells in the current-clamp mode. Interestingly, about 20% of cells showed very little inward current and a prominent delayed rectifier-type outward current at positive voltage ( Figure 4B ). A similar current was recently described in microvascular ECs from rat brain and attributed to K v 1 family voltagedependent K + channel(s). 38 We Figure 6A shows a representative hyperpolarization response to ATP, recorded from an EC cluster of 3 cells. About half of recorded clusters, like the one shown, revealed spontaneous negative voltage spikes lasting for a few seconds each. Application of ATP resulted in a profound (to À40 to À60 mV) and long-lasting (about 10 minutes) hyperpolarization. Figure 6B summarizes the distinct temporal roles of SK Ca and IK Ca channels in ATP-mediated EC hyperpolarization.
In preliminary experiments, we demonstrated that ATPmediated EC hyperpolarization was essentially completely dependent on combined SK Ca /IK Ca channel activation (not shown). Therefore, we were able to isolate the role of IK Ca channel activation by inhibiting SK Ca channels (and vice versa). TRAM34 treatment (IK Ca blocker) primarily attenuated the peak hyperpolarization response, with little attenuation of the ensuing sustained component. In contrast, UCL1684 treatment (SK Ca blocker) had no effect on the peak hyperpolarization response but completely eliminated the sustained component.
The whole-cell currents responsible for ATP-mediated EC hyperpolarization were further evaluated by briefly switching between current-clamp and voltage-clamp modes to obtain current-voltage plots at each condition ( Figure 6C ). The ATPstimulated current was partially attenuated by IK Ca blockade (TRAM34 10 lmol/L) and completely abolished by combined SK Ca and IK Ca blockade (UCL1684 0.2 lmol/L and TRAM34). The temporal contribution of SK Ca and IK Ca channel activation to ATP-stimulated whole-cell current at +40 mV is summarized in Figure 6D . Note that inhibition of SK Ca channels with apamin (200 nmol/L) dramatically attenuated the sustained component (similar results obtained with UCL1684). The current-voltage plots specifically corresponding to IK Ca and SK Ca channel activation were generated by calculating the TRAM34-and UCL1684-sensitive currents, respectively (Figure 6E) . Note the characteristically greater inward rectification at positive voltages for the IK Ca current-voltage relationship compared with that of SK Ca. 41 The summary of the normalized current-voltage relationships corresponding to SK Ca (black) and IK Ca (gray) are depicted in the inset. Figure 6F demonstrates the shift in the whole-cell currentvoltage relationship of total K + current without blockers during the course of ATP stimulation. The inset figure is a representative experiment depicting the time points of the response at which current-voltage relationships were evaluated-at the end of the peak response (denoted as 1) and during the sustained component (denoted as 2). Summary of current-voltage relationships obtained at the end of the peak response (summary plot 1) strongly resemble IK Ca -dependent relationships, whereas current-voltage relationships obtained during the sustained component (summary plot 2) strongly resemble SK Ca -dependent relationships. From these aggregate data, it appears that ATP produces EC hyperpolarization through a combination of IK Ca and SK Ca channel activation, where IK Ca channels contribute to the initial hyperpolarization and SK Ca channels contribute to the sustained hyperpolarization.
TRPC3 Contributes to SK Ca Channel Activation and ATP-Mediated Cerebral EC Hyperpolarization
Having demonstrated a role of TRPC3 in EC Ca 2+ influx and EDH-mediated vasodilation, we next sought to determine the functional link between TRPC3 activation and EC hyperpolarization. Given that ATP-mediated EC hyperpolarization is entirely dependent on SK Ca /IK Ca channel activation, we specifically evaluated the potential of TRPC3 in regulating either of these channels.
ATP
pA/pF 0 50 P2Y2 KO Cont 1 min Figure 5 . Requirement of P2Y 2 receptor in ATP-mediated current activation in freshly isolated cerebral ECs. ATP (100 lmol/L)-activated current was recorded during ramps (À120 to +60 mV) in voltage-clamp mode and is presented as the outward current at +40 mV measured over time. Responses are summarized for ECs isolated from WT (C57Bl/6; n=5) and P2Y 2 receptor KO mice (n=7). Current was normalized to cell capacitance and presented as mean current density (pA/pF). All data presented as meanAESEM. Group difference=P<0.01; 2-way repeated-measures ANOVA. KO indicates knockout; WT, wild type.
The role of TRPC3 in ATP-mediated EC hyperpolarization was determined by pharmacological inhibition with Pyr3 (1 lmol/L) and in cells isolated from TRPC3 KO mice ( Figure 7 ). Pharmacological inhibition of TRPC3 demonstrated no attenuation of peak hyperpolarization ( Figure 7A) or the initial outward current ( Figure 7B ), whereas the respective sustained components were abolished. Genetic deletion of TRPC3 similarly had no effect on the peak hyperpolarization response ( Figure 7C ). The sustained component was significantly attenuated, though not as ATP (2) TRAM34 (3) UCL1684+TRAM34 ( completely as with Pyr3 inhibition. NS309 (SK/IK Ca activator) was applied to demonstrate similar potential for hyperpolarization through K Ca channel activation in the ECs from TRPC3 KO mice. The effect of Pyr3 was additionally evaluated in the presence of TRAM34 to isolate the role of TRPC3 in SK Ca current activation ( Figure 7B ). Note that combined application of Pyr3 and TRAM34 nearly abolished the ATP-stimulated current, demonstrating significant TRPC3-dependence of SK Ca current activation. The requirement of TRPC3 in SK Ca channel activation is further supported by the virtually identical effect of TRPC3 or SK Ca channel inhibition on ATP-stimulated hyperpolarization and the time course of current activation (compare with Figure 6B and 6D).
Together, these results demonstrate a critical role of TRPC3 in the regulation of SK Ca channel activation and EC hyperpolarization.
Evidence of TRPC3 Channel Trafficking in SK Ca Channel Activation
In light of the latency between receptor stimulation and SK Ca channel activation, we investigated the possibility that channel trafficking was involved in this component of EC hyperpolarization. Figure 8 demonstrates the effect of 2 successive ATP applications on EC current activation. In these experiments, we isolated the SK Ca current by maintaining TRAM34 throughout. Figure 8A to ATP a second time, SK Ca current reached maximum activation almost immediately. SK Ca current (normalized to maximum current) after first and second ATP responses is summarized in Figure 8B . These data demonstrate a clear effect of prior receptor stimulation on the rate of SK Ca channel activation and suggest a possible role of channel trafficking in response to ATP stimulation.
To explain the differences in rate of SK Ca current activation, we first considered the possibility that SK Ca channels were trafficked to the PM after ATP stimulation. Precedent for rapid trafficking of SK3 channels has recently been provided in mouse aorta ECs after receptor activation. 42 Apamin is an irreversible blocker of SK Ca channels and has been used in the demonstration of SK Ca channel trafficking to the PM. 42 In this method, brief exposure of apamin is used to irreversibly inhibit surface expressed SK Ca channels. Return of SK Ca current (measured by patch clamp) would thus be reflective of new SK Ca channels trafficked to the PM. Figure 9 (left panel) demonstrates a representative experiment in which apamin was applied for 2 minutes and then washed out (n=3). Subsequent ATP application elicited a very transient whole-cell current, similar to the response obtained in the continued presence of SK Ca channel blockers ( Figure 6D ). When the experiment was performed in the presence of TRAM34 to isolate the SK Ca current, ATP application failed to elicit any current response for up to 20 minutes of recording (n=5). Thus, these findings strongly argue against trafficking of the SK Ca channel in cerebral ECs over the time course of the delayed SK Ca current response.
Trafficking of TRPC3 channels has also been demonstrated through insertion and removal of intracellular vesicles. [43] [44] [45] [46] [47] [48] Given that TRPC3 channels appear to be critical to regulating SK Ca channel activation, we reasoned that trafficking of TRPC3 could account for delayed SK Ca channel activation. Pressurized cerebral arteries and freshly isolated ECs from WT and TRPC3 KO mice were used to demonstrate TRPC3 expression in endothelium and to confirm specificity of the antibody (Figure 10 A and 10B) . Next, pressurized arteries were treated with vehicle (control) or ATP (100 lmol/L) for 10 minutes before fixation and processing for TRPC3 immunofluorescence. High magnification (1009 oil) deconvolution imaging demonstrated a redistribution of TRPC3 immunofluorescence with ATP stimulation (Figure 10C and 10D) . In control arteries, TRPC3 expression was distributed throughout the ECs, with only slight accumulation at the PM. After ATP stimulation, however, TRPC3 accumulated along the PM and was reciprocally decreased throughout the cytosolic compartment. This accumulation was most evident in the PM in the vicinity of the nucleus. Images are representative of artery preparations from 3 mice in each group. The cytosolic-to-PM redistribution was even more apparent in 3-dimensional reconstructions created from planes covering a depth of 2 lm ( Figure 10D ).
Given that TRPC3 is thought to traffic through vesicular fusion/removal from the PM, we expected that greater TRPC3 trafficking to the PM should be associated with an increase in PM surface area. We therefore measured C m in cerebral ECs before and after ATP stimulation, as a real-time measurement of PM surface area. Figure 11 summarizes C m measurements in response to ATP. Note that application of ATP produced a rapid increase in EC C m of a similar time course as SK Ca current recruitment. When considered with the immunofluorescence data, these findings are consistent with ATPstimulated trafficking of TRPC3-containing vesicles to the PM in the mechanism of SK Ca activation.
Discussion
We present the following novel findings regarding the role of TRPC3 in endothelium-mediated vasodilation in the cerebral circulation: (1) TRPC3 contributes to EDH-mediated vasodilation of pressurized cerebral artery, (2) TRPC3 contributes to receptor-mediated Ca 2+ regulation in the endothelium intact cerebral artery, (3) receptor-mediated EC hyperpolarization is initiated by IK Ca channel activation and maintained by subsequent SK Ca channel activation, and (4) rapid recruitment of TRPC3 to the PM is critical for SK Ca channel activation and sustained EC hyperpolarization. We propose a new model in which TRPC3-containing vesicles are inserted into the PM on receptor stimulation, where the newly inserted TRPC3 then contributes to SK Ca channel activation, EC hyperpolarization, and enhanced EDH-mediated vasodilation (see Figure 12 ).
TRPC3 Contributes to EDH-Mediated Vasodilation in Cerebral Artery
In the present study, we specifically tested the role of TRPC3 in EDH-mediated response to ATP, a potent physiological vasodilator in the cerebral circulation. It has been shown that EDHmediated vasodilation plays a major role in controlling blood flow in isolated cerebral arteries and arterioles. 40, 49 Additionally, recent laser Doppler studies suggest an in vivo role of EDH-mediated control of cerebral blood flow in mice. 13 Our data presented here demonstrate for the first time that the EDH-dependent mechanism in mouse cerebral artery critically involves TRPC3 for fully functional vasodilation to ATP.
To date, only a few prior studies have linked TRPC3 in the mechanism of endothelium-dependent vasodilation, though no prior study has demonstrated such a role in the cerebral circulation. In one of the earliest studies linking TRPC3 to endothelial regulation of vasorelaxation, Liu et al 20 significant attenuation of the sustained component (compare Figures 6B and 7A ). The effect on TRPC3 blockade/ablation similarly mimicked the effect of SK Ca inhibition on K + current activation (compare Figures 6D and 7B ). These studies suggested a clear requirement of functional TRPC3 channel for SK Ca channel activation. We have recently reported a role for TRPC3 in SK Ca and IK Ca channel activation in rat mesenteric artery, 8 indicating that a role for TRPC3 in regulating Ca 2+ -activated K channels is not unique to the cerebral circulation.
However, unlike our findings in mesenteric artery, we found no evidence for significant TRPC3-dependent regulation of IK Ca channels in the cerebral circulation. channels. 53 For instance, combined inhibition of SK Ca and IK Ca channels is required to block EDH-mediated vasodilation, whereas inhibition of either channel alone is insufficient to block the response. 54 In the cerebral circulation, however, inhibition of IK Ca channels alone has been shown to substantially blunt or eliminate EDH-mediated vasodilation. 25, 55, 56 While SK Ca channels do not appear to be critical for initiating EDH-mediated vasodilation, the full role of SK Ca channels in this mechanism is yet to be resolved. Our present study corroborates the critical role of IK Ca channels in providing the initial EC hyperpolarization that is required for EDH-mediated vasodilation; however, it also establishes an important role for SK Ca channels in sustaining the hyperpolarization. Our claim of 2 temporal components of EC hyperpolarization is supported by our measurements of hyperpolarization and K + current activation in the presence of specific blockers to isolate SK Ca and IK Ca effects. In these studies, we found that IK Ca channel activation and IK Ca channel-mediated hyperpolarization occurred immediately after receptor stimulation but began rapidly decaying within the first minute (see Figure 6B and 6D). SK Ca channel activation occurred more gradually but was sustained for several minutes (see Figure 8 ). The 2 distinct currents were also evident in the current-voltage plots recorded at early and later times after receptor stimulation (see Figure 6F ). In this experiment, current-voltage plots appeared to be initially dominated by IK Ca -like currents before shifting to predominantly SK Ca -like currents during the sustained phase. Together, these findings demonstrate a time-dependent transition from IK Ca to SK Ca channel dependence. We propose that the initial EC hyperpolarization requires IK Ca channel activation, while sustaining that hyperpolarization requires SK Ca channel activation through prolonged Ca 2+ influx via TRPC3 channels.
Receptor-Mediated Activation of ECs Leads to
Role of Vesicular Trafficking in TRPC3-Dependent Activation of SK Ca Channels
The delayed onset of the SK Ca current could have multiple explanations; however, in the context of our studies, 2 possible scenarios seemed initially plausible. In the first scenario, SK Ca channels could be trafficked to the PM in response to receptor stimulation, where they would then be activated by TRPC3 channels already present in the membrane. Precedent for SK Ca channel trafficking has recently been established for SK3 channels in mouse aortic ECs. 42 In the second scenario, TRPC3 channels could be trafficked to the PM where they would then contribute to SK Ca channel activation. There is considerable recent evidence for TRPC3 channel trafficking in a variety of neuronal cell and EC preparations, 43, 44, 47, 48, 57 as well as one study suggesting TRPC3 trafficking in cultured porcine coronary ECs. 21 We discuss the evidence for each of these scenarios further next.
SK Ca channel trafficking
Lin et al reported trafficking of SK Ca channels (presumed SK3) in mouse aorta ECs. 42 In that study, they used brief apamin exposure to irreversibly inhibit surface SK Ca channels and then monitored for recovery of SK Ca current on washout.
Within minutes of washout, they found rapid recovery of SK Ca current that was abolished by disruption of Ca 2+ -dependent vesicular trafficking. Our data in cerebral ECs, however, were not consistent with similar SK Ca trafficking. In particular, after brief application of apamin, the sustained component (after ATP challenge) remained absent during the apamin washout period. In addition, cells treated with TRAM34 (to isolate the SK Ca current) failed to produce any current in response to ATP during the apamin washout period for up to 20 minutes (see Figure 9 ). From our studies in which apamin or UCL1684 was not included, we found that the SK Ca current otherwise appeared in less than 1 minute and peaked within 5 minutes.
In short, trafficking of SK Ca does not appear to account for the gradually increasing SK Ca current after initial receptor stimulation or the immediately responsive SK Ca current after prior ATP stimulation.
TRPC3 channel trafficking
Recent evidence indicates that TRPC3 channels can be actively trafficked to and from the PM in a variety of cell types 43, 44, 47, 48, 57 through distinct constitutive and receptormediated trafficking pathways. 47 TRPC3 has been localized to vesicles and associates with several key proteins involved in SNARE-mediated vesicular trafficking. 48, 57, 58 The SNARE proteins and Ca 2+ -sensitive SNARE associating proteins provide the necessary components for docking of vesicles at the subplasmalemmal surface and ultimate vesicular fusion with the PM (exocytosis). 59, 60 In the present study, we demonstrated consolidation of TRPC3 at the EC PM of pressurized arteries after ATP stimulation, consistent with increased forward trafficking of TRPC3-containing vesicles to the PM ( Figure 10 ). We also demonstrated rapid increase in cell capacitance (correlates with PM surface area) following ATP stimulation of freshly isolated ECs, consistent with the fusion of exocytotic vesicles with the PM (see Figure 11 ). The time course of this increase in PM surface area correlated very well with the corresponding increase in SK Ca -mediated current and EC hyperpolarization. When the evidence is considered as a whole, it appears that receptor-mediated trafficking of TRPC3 channels occurs and contributes to SK Ca channel regulation in cerebral endothelium.
Limitations
In the present studies, we used a combination of global TRPC3 KO mice and Pyr3 to evaluate the role of endothelial TRPC3 in the regulation of EC calcium, EC SK/IK Ca channels, and ultimately vasodilation of cerebral artery. Use of global TRPC3 KO mice is appropriate for studies involving isolated ECs; however, these mice are not ideal for pressurized artery experiments due to the additional loss of TRPC3 expression in vascular smooth muscle, perivascular nerves, etc. For the pressurized artery experiments, we instead used Pyr3 at a concentration that we found to produce TRPC3-specific inhibition of endothelial Ca 2+ responses ( Figure 3C ) and that we previously found to target endothelial function over smooth muscle function in mesenteric arteries. Nevertheless, we cannot fully exclude nonendothelial effects of Pyr3 in the attenuation of ATP-mediated vasodilation. For a more specific determination of the role of endothelial TRPC3 channels in intact arteries and in vivo blood flow, we are currently developing EC-specific TRPC3 KO mice. With regard to the proposed mechanism of TRPC3 regulation of SK Ca channels, we have provided multiple pieces of evidence for the functional interaction of these channels. However, we have not directly demonstrated a close physical association between these 2 ion channels. Our proposed trafficking model would be strengthened by future demonstration of physical association and disassociation of these channels in a P2Y 2 receptor-dependent fashion. We have also assumed that TRPC3 channels are shuttled to and from the PM through forward and reverse vesicular trafficking as in other cell types. Although defining the exact mechanism of TRPC3 trafficking is not critical to our overall model of TRPC3-dependent regulation of SK Ca channel activity, further study into receptor-mediated TRPC3 trafficking in cerebrovascular endothelium could demonstrate additional targets for SK Ca channel regulation and the ultimate regulation of cerebrovascular tone.
Summary
We demonstrate that TRPC3 channels are functionally expressed in cerebral ECs and play a critical role in regulating Ca 2+ influx and ATP-induced hyperpolarization. TRPC3 channel activation is essential for the SK Ca channel-dependent EC hyperpolarization that develops subsequent to the initial IK Ca channel-mediated hyperpolarization. Furthermore, TRPC3-mediated regulation of SK Ca channels appears to involve trafficking of TRPC3 channels to the PM, where they then provide the source of Ca 2+ influx for SK Ca channel activation.
Ultimately, TRPC3-dependent regulation of SK Ca channel activation appears to be an important component of sustained EDH-mediated vasodilation in cerebral arteries.
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